Human α-defensin 5 (HD5, HD5 ox to specify the oxidized and disulfide linked form) is a 32-residue cysteine-rich host-defense peptide, expressed and released by small intestinal Paneth cells, that exhibits antibacterial activity against a number of Gram-negative and -positive bacterial strains. To ascertain the contributions of its disulfide array to structure, antimicrobial activity, and proteolytic stability, a series of HD5 double mutant peptides where pairs of cysteine residues corresponding to native disulfide linkages (Cys 3 -Cys 31 , Cys 5 -Cys 20 , Cys 10 -Cys 30 ) were mutated to Ser or Ala residues were overexpressed in E. coli, purified and characterized. A hexa mutant peptide, HD5 [Ser hexa ], where all six native Cys residues are replaced by Ser residues was also evaluated. Removal of a single native S-S linkage influences oxidative folding and regioisomerization, antibacterial activity, Gram-negative bacterial membrane permeabilization, and proteolytic stability. Whereas the majority of the HD5 mutant peptides show low-micromolar activity against Gram-negative E. coli ATCC 25922 in colony counting assays, the wild-type disulfide array is essential for low-micromolar activity against Gram-positive S. aureus ATCC 25923. Removal of a single disulfide bond attenuates the activity observed for HD5 ox against this Gram-positive bacterial strain. This observation supports the notion that the HD5 ox mechanism of antibacterial action differs for Gram-negative and Gram-positive species (Wei, G.; de Leeuw, E., Pazgier, M., Yuan, W., Zou, G., Wang, J., Ericksen, B., Lu, W.-Y.; Lehrer, R. I.; Lu, W. (2009) J. Biol. Chem. 284, 29180-29192), and that the native disulfide array is a requirement for its activity against S. aureus.
of α-defensins vary significantly, the distribution of Cys residues is conserved, in addition to a single Gly residue and an Arg-Glu salt bridge. 1 Human defensin 5 (HD5, Figure 1 ), the focus of this work, is a 32-residue α-defensin expressed by Paneth cells of the human small intestine. 7 It is localized to subcellular granules. 8 Paneth cells are secretory cells located at the base of the crypts of Lieberkü hn that contribute to mucosal immunity and protect nearby stem cells from bacterial invasion by releasing an antimicrobial cocktail, which contains lysozyme and defensins, in response to bacterial invasion. 9 Paneth cells also provide essential niche signals for nearby Lgr5 stem cells. 10 Studies of the murine α-defensin cryptdin-4, which is localized to the granules of murine Paneth cells and exhibits broad-range antibacterial activity in vitro, 11 revealed that Paneth cells release defensins into the intestinal lumen in response to Gram-negative andpositive bacteria and various bacterial antigens, including lipopolysaccharide and muramyl dipeptide. 12 Moreover, the HD5 transgenic mouse is resistant to oral Salmonella typhimurium challenge (1 × 10 9 CFU, lethal dose for wild-type mouse), 13 which indicates that HD5 is a key contributor to host defense in humans. Recent HD5 transgenic mouse model studies showed that expression of HD5 results in an inversion of the Firmicutes/ Bacteroidetes ratio, two predominant commensal bacterial phyla found in the gut. 14 This observation suggests that HD5 also plays a homeostatic role in regulating the composition of the commensal intestinal microbiota. 14, 15 Furthermore, alterations in HD5 expression levels 16, 17 and impaired proteolytic processing of the HD5 precursor peptide 18 have been associated with gastrointestinal disorders, which include Crohn's disease and other inflammatory conditions of the bowel. 19, 20 In addition to host defense and mucosal immunity, other physiological roles for defensin peptides exist, including chemotatic and immunomodulatory functions. 21 Changes in defensin expression levels and/or defensin polymorphisms are associated with cancer 22 and cystic fibrosis, 23 and some defensins exhibit anti-HIV or anti-parasitic activities. 24 Many unresolved questions regarding the physiological roles of HD5 and other defensin peptide exist, including those pertaining to antimicrobial mechanisms of action and structure. Along these lines, defensins are often described as non-specific membranedisrupting peptides that exert an antibacterial effect by damaging the bacterial cell membrane. This classification stems, at least in part, from the overall cationic charge of these peptides and their propensity to exhibit antibacterial activity against a wide range of bacterial strains. Indeed, certain plant and mammalian defensins interact with synthetic membranes and membrane mimics. 25, 26 Assays, including those employing nucleotidebinding dyes, 27 membrane potential-sensitive probes, 28 and colorimetric indicator strains, 29 demonstrate that membrane permeabilization occurs following incubation of bacteria and fungi with select defensin peptides. Various spectroscopic techniques, including solid-state NMR 30 and small-angle X-ray scattering 31 have provided recent structural insights into this phenomenon for select human defensins.
When considering mechanisms of action, it is appropriate to consider defensins on a caseby-case basis because the overall positive charge, an important factor for electrostatic interactions with the bacterial cell membrane, and primary amino acid sequences of the peptides vary dramatically. These structural differences may confer diverse mechanisms of action particular to a given peptide, and membrane disruption may not be the sole factor contributing to antibacterial action. 1, 4, 32 Along these lines, some peptides classified as defensin do not cause membrane damage against tested strains. The fungal defensin plectasin does not cause potassium leakage from Bacillus subtilis, or alter the membrane potential. 33 Rather, plectasin inhibits cell wall biosynthesis by forming a 1:1 complex with lipid II (K d = 180 nM). 33 Oyster defensin 34 and HBD-3 35 were subsequently shown to inhibit peptidoglycan biosynthesis in S. aureus and bind lipid II. Surface plasmon resonance measurements indicated that HNP-1 binds to lipid II, and an attenuation of antibacterial activity was found in antibacterial activity assays conducted by using S. aureus cultures treated with various inhibitors of cell wall biosynthesis prior to HNP-1 addition. 36 Lipid II is a validated cellular target for antibiotics in clinical use. 37 Vancomycin, the nonribosomal peptide and antibiotic of last-resort for multi-drug resistant Gram-positive infections, binds to the N-acyl-D-Ala-D-Ala termini of lipid II. The lantibiotic nisin, employed in the food industry, interacts with lipid II and subsequently forms pores in the bacterial cell membrane. 37 Like nisin, HBD-3 may cause gross defects in the bacterial cell membrane after binding to lipid II. 35 The precise mechanism of antibacterial action of HD5 ox is unclear. Structural studies of HD5 ox , where "ox" designates the oxidized and disulfide-linked form, reveal that it exhibits triple stranded β-sheet secondary structure stabilized by three disulfide bonds. It has the α-defensin connectivity of Cys 3 -Cys 31 , Cys 5 -Cys 20 , Cys 10 -Cys 30 , where the superscripts correspond to the amino acid position in the HD5 sequence, and dimerizes in the solid state. 38 A series of structure/activity relationship studies have provided insights into the structural requirements for HD5 antibacterial action. 39 The Arg 6 -Glu 14 salt bridge of HD5 ox is essential for proteolytic stability and proper folding in the absence of the propeptide and mutation of Glu 14 to Gln has some strain-specific influence on antimicrobial activity. 40 This mutation had no effect on the activity against S. aureus and resulted in slightly enhanced killing of E. coli. Enantiomeric HD5 ox (D-form) exhibited attenuated activity against S. aureus relative to native HD5 ox ; no loss of activity against E. coli was observed. 41 A similar trend occurred for a disulfide-null mutant where each Cys residue of HD5 was replaced by an α-aminobutyric acid moiety. 42 This linearized peptide exhibited comparable activity against E. coli and a 4-to-5-fold reduction in activity against S. aureus relative to native HD5 ox . 42 When taken together, these studies suggest that the mechanisms of action of HD5 ox against E. coli and S. aureus are fundamentally different. 41 No systematic evaluation of the HD5 ox disulfide array, which may be a critical determinant for antibacterial activity against S. aureus and/or other physiological functions, has been reported to date. A number of mutagenesis studies have addressed the disulfide array of other human defensin peptides 43, 44 and cryptdin-4, 11 but it is inappropriate to generalize the results from any one study because of the differences in primary amino acid sequence and overall cationic charge exhibited by these peptides.
In this work, we describe the preparation and characterization of a HD5 mutant peptide family where native S-S bonds have been systematically deleted by mutating pairs of Cys residues to Ser or Ala (Figure 1 ). We show that deletion of a native disulfide bond has profound consequences for oxidative folding and regioisomerization, proteolytic stability, and antibacterial activity. In particular, loss of any native disulfide bond attenuates the activity of HD5 ox against S. aureus ATCC 25923. These observations indicate that HD5 exerts different mechanisms of action against Gram-negative and Gram-positive bacteria.
Experimental Procedures

Materials and General Methods
All solvents, reagents and chemicals were purchased from commercial suppliers in the highest available purity and used as received. Milli-Q water (18.2 ΩOhms, 0.22 μm filter) was employed to prepare all buffers, aqueous solutions, and peptide/oligonucleotide stock solutions. Oligonucleotide primers were synthesized by Integrated DNA Technologies (Coralville, IA) and used as received (standard desalting protocol). A Biorad MyCycler thermocycler was employed for all polymerase chain reactions (PCR). Chemicallycompetent E. coli TOP10 and BL21(DE3) cells were prepared in-house via standard protocols. A Qiagen miniprep kit was employed for plasmid isolations. Pfu Turbo DNA polymerase was purchased from Stratagene and T4 DNA ligase was obtained from New England Biolabs. All restriction enzymes were purchased from New England Biolabs. DNA sequencing and MALDI-TOF mass spectrometry were performed by staff in the Biopolymers Facility at the Massachusetts Institute of Technology. Details for the Fmocsolid phase peptide synthesis of HD5[Ser 5, 20 ] are included as Supporting Information.
Instrumentation
Analytical and semi-preparative high-performance liquid chromatography (HPLC) were performed on an Agilent 1200 instrument equipped with a thermostated autosampler set at 4°C and thermostated column compartment set at 20 °C unless noted otherwise. A 5-μm pore Clipeus C18 column (4.6 × 250 mm, Higgins, Inc.) was employed for all analytical HPLC experiments using a flow rate of 1 mL/min. A 5-μm pore ZORBAX C18 column (9.6 × 250 mm, Agilent Technologies) was employed for semi-preparative HPLC. A flow-rate of 5 mL/ min was typically employed for semi-preparative HPLC. For all separations, solvent A was 0.2% TFA/H 2 O and solvent B was 0.2% TFA/MeCN, and absorption was monitored at 220 and 280 nm. An Agilent 8450 UV-visible spectrophotometer was employed for all routine optical absorption measurements. Peptide stock solution concentrations were routinely quantified by using calculated extinction coefficients, the values of which are listed in Table  S1 (Supporting Information). Purified peptide samples were stored as lyophilized powders or as aqueous stock solutions at -20 °C. A BioTek Synergy HT plate reader was employed for the E. coli ML35 and turbidity assays described below. An Aviv Model 202 circular dichroism spectrometer operated at room temperature was utilized to collect CD spectra.
Cloning, Overexpression and Purification of His 6 -HD5
A synthetic gene containing the E. coli optimized nucleotide sequence for mature HD5 was obtained from DNA 2.0 in pJ201 (Supporting Information). The synthetic gene contained KpnI, SpeI and NdeI restriction sites on the 5′ end and a XhoI restriction site on the 3′ end. A TEV protease cleavage site (ENLYFQG) was incorporated into the 5′ end between the NdeI site and the 5′ end of the HD5 gene. The pJ201-TEV-HD5 plasmid was dissolved in 10 μL of water and transformed into chemically-competent E. coli TOP10 cells, and the plasmid was isolated from cultures (5 mL, containing 50 μg/mL kanamycin) by using a miniprep kit. The plasmid was digested with NdeI and XhoI (2.5 h, 37 °C) and gel purified, which afforded the fragment containing the HD5 gene. This fragment was ligated into NdeI and XhoI-digested pET28b with T4 DNA ligase (2 h, room temperature). The ligation reaction was used to transform chemically-competent E. coli TOP10 cells. Several of the resulting colonies were selected and used to inoculate 5 mL of LB media containing 50 μg/mL kanamycin. The cultures were grown to saturation and a miniprep kit was used to isolate the plasmid pET28b-TEV-HD5. Its identity was verified by DNA sequencing.
Quick-change site-directed mutagenesis (described below) was employed to obtain a plasmid encoding His 6 -HD5 with a CNBr cleavage site, hereafter pET28b-Met-HD5, using pET28b-TEV-HD5 as a template. The Gly residue of "ENLYFQG" was mutated to a Met residue, providing a Met moiety immediately adjacent to the N-terminal residue of mature HD5. The mutagenesis primers (M-1 and M-2) are listed in Table S2 .
The pET28b-Met-HD5 expression plasmid was transformed into chemically-competent E. coli BL21(DE3) cells. Cultures from single colonies were grown to saturation in LB media containing 50 μg/mL kanamycin (37 °C, 175 rpm, t ∼ 16 h). The saturated cultures were diluted 1:100 into fresh LB containing 50 μg/mL kanamycin, incubated at 37 °C with shaking at 175 rpm, and induced with 500 or 100 μM IPTG at OD 600 ∼ 0.6. Varying the IPTG concentration had no effect on the yield of His 6 -HD5. The cultures were incubated at 37 °C for an additional 3-4 h (OD 600 ∼ 1.0 -1.5) and subsequently pelleted by centrifugation (4,200 rpm × 30 min, 4 °C). The cell pellets were transferred to pre-weighed 50-mL polypropylene centrifuge tubes, flash frozen in liquid N 2 , and stored at -80 °C. The overexpression cultures were routinely grown in multiple 2-L portions contained in 4-L baffled flasks and combined to provide pellets from four or six liters of culture. Approximately 2 g/L of E. coli cells were obtained from each preparation.
The purification of His 6 -HD5 was established by modifying literature protocols for the purification of defensin peptides. [45] [46] [47] In a typical peptide purification, cells from a 6-L pellet were thawed on ice and resuspended in ice-cold lysis buffer (6 M GuHCl, 100 mM Tris-HCl, pH 8) to provide a final volume of ∼40 mL. An aliquot (1 mL, 100 mM) of PMSF was added and the resuspended cells were transferred to an ice-cold stainless steel beaker and lysed by two rounds of sonication (1 sec on followed by 4 sec off for 1.5 min; 10% amplitude; Branson sonicator). Another 1-mL aliquot of 100 mM PMSF was added to the crude lysate, which was immediately clarified by centrifugation (13,000 rpm × 30 min, 4°C
). The supernatant was incubated with 3 mL of pre-washed (3 × 20 mL water) Ni-NTA resin (Qiagen) for 1.5 -2 h at 4 °C with gentle mixing. The suspension was poured into a fritted glass column and the unbound fraction was eluted. The resin was subsequently washed with 45 mL of wash buffer (6 M GuHCl, 20 mM Tris-HCl, 300 mM NaCl, pH 8) and His 6 -HD5 was eluted by using 30 mL of elution buffer (6 M GuHCl, 10 mM Tris-HCl, 300 mM NaH 2 PO 4 , 200 mM NaCl, 1 M imidazole, pH 6.5). This fraction was transferred to a 3,500 MWCO Spectropor3 dialysis bag and dialyzed against 5% acetic acid (4 L, 24 h, 4°C
) followed by 0.1% acetic acid (4 L, 24 h, 4 °C). The lengthy dialysis was necessary to remove the GuHCl completely, and the step-wise decrease in acetic acid concentration was employed to dilute the acid percentage prior to lyophilization. The dialyzed sample was lyophilized to dryness, which afforded His 6 -HD5 as a white fluffy powder (15 -20 mg/L). The purity of His 6 -HD5 was routinely evaluated by analytical HPLC. For a typical analytical HPLC run, a sample of the peptide was dissolved in 75 mM HEPES buffer pH 7.5 (200 μL) and incubated at room temperature for up to 3 h. The solution was divided into two 100-μL aliquots and TCEP (10 μL of a 100 mM stock solution in water) was added to one aliquot. Following an additional 15 min incubation at room temperature to reduce all disulfide linkages, 10 μL of 6% TFA(aq) was added to each sample. The samples were vortexed, centrifuged (13,000 rpm × 10 min, 4°C) and analyzed by analytical HPLC using a gradient of 10-60% B over 30 min. A comparison of the samples with and without TCEP provided insight into the degree of peptide oxidation that occurred during the protein purification (-TCEP) and purity of the sample (+TCEP). The retention time and results from MALDI-TOF mass spectrometry for His 6 -HD5 are included in Table 1 .
Tag Cleavage and Purification of HD5 red
Cyanogen bromide in 80% formic acid was employed to cleave His 6 -HD5 and afford unmodified HD5 red (32-aa; "red" specifies the reduced form with six free -SH from the Cys residues). In a typical cleavage reaction, a solution of 20 mg/mL CNBr in 80% formic acid was prepared and added to an equal volume of 2 mg/mL His 6 -HD5 in 80% formic acid. The reaction was covered in tin foil and incubated at room temperature for 5 h with gentle mixing. The reaction was diluted 1:1 or 1:2 with water, mixed for an additional 10 min, and transferred to a Spectropor3 3,500 MWCO dialysis membrane. The cleavage reaction was dialyzed against water (4 L per ∼50 mg of peptide cleaved) for 24 h at 4 °C. At this point, the samples were placed into fresh water and dialyzed again (4 L per ∼50 mg of peptide, 24 h, 4 °C). The samples were transferred to pre-weighed 50-mL polypropylene centrifuge tubes and lyophilized to dryness, which afforded a white powder. The product was analyzed by HPLC as described above for His 6 -HD5. The retention times for HD5 red and HD5 ox and MALDI-TOF data are listed in Table 1 .
For large-scale purification of HD5 red from the cleavage reaction, the lyophilized powder was suspended in 75 mM HEPES buffer adjusted to pH 8.2 (∼2 mg/mL), which yielded a cloudy solution, and incubated at room temperature for ≥3 h. An aliquot of 100 mM TCEP (1:30 dilution) was added and the mixture was incubated for an additional 15 min at room temperature. The solution was acidified by addition of 6% aqueous TFA (1:10 dilution) and aliquoted into 1.5-mL centrifuge tubes, centrifuged (13,000 rpm × 10 min, 4 °C), and purified by semi-preparative HPLC using a solvent gradient of 10-40% B in 15 min. The HD5 red -containing fractions from multiple HPLC injections were combined and lyophilized to dryness, which afforded pure HD5 red as a white powder in yields of 1-2 mg/L of culture.
Site-Directed Mutagenesis
A modified Quick-Change site-directed mutagenesis protocol (Stratagene) was employed to generate the HD5 mutants (Table 1) . For the first round of mutagenesis, pET-28b-Met-HD5 was used as the template. The templates employed in subsequent rounds, primers and primer pairings are listed in Tables S2 and S3 . The PCR protocol used for all mutagenesis reactions was: 95.0 °C for 30 min (1×); 55.0 °C for 1 min; 68 °C for 17 min (25×); 4.0 °C hold (1×).
Following PCR amplification using Pfu Turbo DNA polymerase, the residual template plasmid was digested with DpnI (2 μL added to a 50 μL PCR reaction in two 1-μL aliquots at t = 0 and 1.5 h) for 3 h at 37 °C. The DpnI digests were transformed into chemicallycompetent E. coli TOP10 cells. Overnight cultures (5 mL, 50 μg/mL kanamycin) were grown from single colonies and the purified plasmids were obtained by using a miniprep kit. The DNA sequences and presence of the desired mutation(s) were verified by DNA sequencing. Overexpression and purification of the His 6 -tagged and corresponding reduced mutant peptides were conducted as described above for His 6 -HD5. Yields for the mutant peptides ranged from ∼2.5 mg/L for His 6 -HD5[Ser 5, 20 ] to ∼15 mg/L for His 6 -HD5[Ser 10, 30 ].
Oxidative Folding
Purified and fully reduced peptides were folded by using a modification of an established protocol. 48 In a typical folding experiment, the reduced peptide (1 mg) was dissolved in 0.5 mL of a freshly-prepared solution containing 8 M GuHCl, 3 mM glutathione and 0.3 mM glutathione disulfide. A 1.5-mL aliquot of 250 mM NaHCO 3 (aq) was added to the mixture, which caused the pH value to increase to 8.3. This mixture was incubated at room temperature for 4 h, centrifuged (13,000 rpm × 10 min), and the folded peptide(s) were purified by semi-preparative HPLC using a gradient of 10-30% B in 12 min. For large-scale folding reactions (i.e. ∼20 mg peptide), the same ratios were employed and the reaction was concentrated by using a 3,000 MWCO Amicon spin-filter prior to HPLC purification.
Thiol Quantification Assays
Quantification of free thiol residues in the reduced and oxidized defensin peptides was performed by using 2,2′-dithiodipyridine (DTDP, 4 mM in 12 mM HCl) and GSH (3 mM in 10 mM HCl) as a standard. To obtain a calibration curve, 10, 20, 30 or 40 μL of the GSH standard was added to the assay buffer (100 mM NaH 2 PO 4 , 200 μM EDTA, pH 7; degassed for 1 h by bubbling Ar) containing 125 μL of 4 mM DTDP (3 mL final volume). The solutions were incubated for 15 min at room temperature and the absorbance at 341 nm was measured. The absorbance at 341 nm for the reagent blank (no GSH present) was also measured. The 341 nm absorbance from the reagent blank (A o ) was subtracted from the absorbance of the solutions containing GSH, and the calibration curve was obtained by plotting corrected absorbance vs. GSH concentration.
To determine the number of free thiol residues in each peptide sample, peptide stock solutions were prepared in water (oxidized peptides) or 0.01 M HCl (reduced peptides) and the concentrations determined by UV-visible absorption spectroscopy. Aliquots of the peptide stock solutions were diluted with Ar-purged assay buffer containing DTDP as described above to provide final peptide concentrations of 2-4 or 6-7 μM for the reduced and oxidized peptides, respectively. The peptide solutions were incubated at room temperature for 15 min and absorbance at 341 nm was recorded and corrected by subtracting A 0 . The number of free thiols in the peptide was determined by using the glutathione standard curve. These assays were conducted at least twice for each peptide sample and with samples from independent purifications. The 4 mM DTDP stock solution can be stored in aliquots at -20°C for several months.
Protease Digests and Regioisomer Identification
To . The quenched reactions were vortexed, centrifuged (13,000 rpm × 10 min, 4 °C) and stored on ice. The peptide fragments were separated and isolated by analytical HPLC (10-60% B in 30 min). The isolated fractions were lyophilized to dryness, and the resulting products were dissolved in 0.2% TFA and analyzed by MALDI-TOF mass spectrometry (reflector mode). The m/z values of the peptide fragments were assigned and used to identify the disulfide linkages as detailed in the Supporting Information section.
To identify the regioisomers of HD5[Ser 10, 30 ] ox and HD5[Ala 10, 30 ] ox , the peptides were first digested with trypsin as described above and the proteolytic products purified by HPLC. The fractions containing S-S linked peptide fragments (identified by MALDI-TOF) were subsequently digested with chymotrypsin. The samples from the trypsin digest were dissolved in 150 μL of 20 mM CaCl 2 , 0.001% TritonX-100 and a 15-μL aliquot of chymotrypsin (16 μg/mL) was added. The digests were incubated overnight at room temperature and the proteolysis products were separated and isolated by analytical HPLC (10-60% B in 30 min) and analyzed by MALDI-TOF mass spectrometry (Supporting Information).
Circular Dichroism Spectroscopy
Peptide solutions (20 μM, 280 μL) were prepared in 5 mM sodium phosphate buffer adjusted to pH 7.0. A 1-mm path-length quartz CD cell (Hellma) was employed for all measurements. The CD spectra were collected from 260 -190 nm at 1 nm intervals (10 sec averaging time, three independent scans per wavelength). The data obtained from the three scans were averaged by using Excel (Microsoft Office 97) and plotted. To determine the effect of a membrane mimic on the peptide fold, the CD spectrum of each peptide was obtained in the presence of 10 mM SDS. For these studies, a 2.8-μL aliquot of 1 M SDS was added to 280 μL of the peptide solution. The samples were incubated at room temperature for ∼2 h and the CD data subsequently collected as described above.
Protease Susceptibility Assays
To determine the relative susceptibility of HD5 ox , HD5[Ala was added and the reactions were mixed with a pipette and incubated at room temperature. A 25-μL aliquot of each reaction was removed at t = 2, 5, 10, 30, 60 min and quenched via addition of 3% TFA (6 μL). The samples were vortexed immediately, stored on ice, centrifuged (13,000 rpm × 10 min, 4 °C) to remove any precipitate, and analyzed by analytical HPLC using a solvent gradient of 10-60% B over 30 min.
Inner-Membrane Permeabilization Studies
The E. coli ML35 strain 49 and standard protocols 29, 50 were employed to study the effect of HD5 ox and the mutant peptides on E. coli inner membrane integrity. E. coli ML35 was grown overnight (37 °C, 16 h) with shaking in 5 mL of TSB. The overnight culture was diluted 1:100 into 6 mL of fresh TSB and grown for ∼2 h at 37 °C with shaking until the OD 600 value reached ∼0.6, at which time the culture was diluted to obtain OD 620 of 0.35 (1 × 10 8 CFU/mL). This culture was subsequently diluted 1:100 in two steps of 1:10 into fresh 12.5 mM sodium phosphate buffer adjusted to pH 7.4 and containing 1.25% TSB to provide the bacterial culture for the permeabilization assay.
A 96-well plate format was employed for the inner-membrane permeabilization assay. To each well was added 10 μL of peptide (10× sterile-filtered aqueous solution, variable concentrations) and 10 μL of 25 mM ONPG. An 80-μL aliquot of the bacterial culture was subsequently added and the plate was immediately transferred to a plate reader preheated to 37 °C. The plate was incubated at 37 °C for 2 h with shaking in the plate reader and the absorbance at 405 nm was measured in 5 min intervals. A no-peptide control, obtained by adding 10 μL of sterile water instead of the 10× peptide solution, was run with each experiment. Two or more independent assays were conducted for each peptide on different days.
Antibacterial Activity Assays -Colony Forming Unit Method
Bacteria (E. coli ATCC 25922 or S. aureus ATCC 25923) were grown overnight with shaking (37 °C, 16 h) in 5 mL of TSB. The overnight culture was diluted 1:100 into 6 mL of fresh TSB and grown for ∼2 h at 37 °C with shaking until the OD 650 reached ∼0.5 (E. coli) or ∼0.6 (S. aureus). A 5-mL portion of the culture was transferred to a sterile culture tube and centrifuged (3500 rpm × 10 min, 4 °C) to pellet the bacterial cells. The supernatant was discarded and the cell pellet was resuspended in 5 mL of AMA buffer (10 mM sodium phosphate buffer supplemented with 1% TSB, pH 7.4). The cell suspension wa centrifuged (3500 rpm × 10 min, 4 °C) and the supernatant discarded. The resulting ce pellet was resuspended in 5 mL of AMA buffer and diluted with AMA buffer to obtain a OD 650 value of 0.5 (2.5 × 10 8 CFU/mL) for E. coli or 0.6 (1 × 10 8 CFU/mL) for S. aureu For assays employing E. coli ATCC 25922, the bacterial suspension was further dilute 1:250 in three steps (1:10 × 1:10 × 1:2.5) into 2 mL of AMA buffer. For assay employing S. aureus ATCC 25923, the bacterial suspension was further diluted 1:100 i two steps (1:10 × 1:10) into 2 mL of AMA buffer. The diluted cultures were use immediately.
Antibacterial activity assays were performed in 96-well plates. Each we contained 10 μL of a 10× aqueous sterile-filtered peptide stock solution or a no-peptide control. A 90-μL aliquot of the diluted bacterial culture was added to each well and the plate was incubated for 1 h (37 °C, 150 rpm). Immediately after the 1 h incubation, a 50-μL aliquot from each well was removed and diluted with 450 μL of AMA buffer (10 -1 dilution). This solution was vortexed gently and further diluted serially from 10 -2 to 10 -4 in 10-fold increments by adding a 100-μL volume from each dilution to 900-μL of fresh buffer. A 100-μL aliquot from each dilution was manually plated on trypticase soy agar plates by using a spinning inoculating 
Antibacterial Activity Assays -Turbidity Method
This method is based on a literature protocol 51 and follows the one described above for determining colony-forming units. After the bacteria cultures were treated with peptide (or water control) for 1 h at 37 °C as described above, a 100-μL aliquot of 2× Mueller Hinton Broth (MHB) was added to each well and the plate was incubated at 37 °C with shaking at 150 rpm. Using a plate reader, the OD 600 was measured in 1 h intervals over 5 h and a final OD 600 reading was performed at 14-20 h. The OD 600 values were plotted against time to provide a growth curve. These assays were repeated at least in duplicate. 
Results
Preparation of HD5 ox and Mutants
A number of defensin peptides, including HD5, have been overexpressed in heterologous hosts as fusion proteins. Guided by literature procedures, [45] [46] [47] we overexpressed HD5 and its mutants as His 6 fusion proteins in E. coli BL21(DE3), and a Met residue was incorporated adjacent to the N-terminal Ala residue of HD5 to provide a CNBr cleavage site for tag removal. This design strategy provides the native HD5 following tag cleavage and is important because small modifications to the peptide N-or C-termini may alter the antibacterial activity of the peptide. Following IPTG induction and growth at 37 °C, the Histagged peptides were isolated from the insoluble fraction by using a denaturing protocol and purified by Ni-NTA chromatography. Following extensive dialysis to remove GuHCl and lyophilization, His 6 -HD5 was isolated as a white fluffy solid. Because SDS-PAGE does not reveal small-molecule impurities and impurities arising from small peptide fragments, we chose to evaluate purified His 6 -HD5 by analytical reverse-phase HPLC. In the absence of reducing agent, the analytical HPLC trace for His 6 -HD5 varies dramatically depending on the preparation and one example is provided in Figure 2 . One major peak, multiple small peaks (Figure 2) , or a broad hump may be observed. These variations reflect peptide oxidation and formation of various disulfide linkages (uncharacterized) during purification. Addition of excess reducing agent (i.e. TCEP, DTT) results in formation of one major peak of longer retention time ( Figure 2 ). This single peak (∼23 min) corresponds to the fully reduced His 6 -HD5 fusion peptide (Table 1) . Analogous behavior was also observed in the HPLC analyses of the His-tagged mutant peptides (data not shown). His 6 -HD5 was routinely isolated in yields of ∼15-20 mg/L of bacterial culture and the yields of the mutant peptides reproducibly varied from ∼2.5 mg/mL for His 6 -HD5[Ser 5, 20 ] to ∼15 mg/mL for His 6 -HD5[Ser 10, 30 ].
The His 6 tag was removed by using 10 equiv (w/w) of CNBr in 80% formic acid. Literature protocols for CNBr cleavages and reaction work-up conditions vary. We found that a 1:1 dilution of the cleavage reaction with water followed by extensive dialysis against water was optimal for large-scale (>20 mg) reactions. When shorter dialysis times were employed, the yield of HD5 red diminished by ∼20% and analytical HPLC of the crude reactions revealed multiple and more abundant additional peaks of lower retention time (unidentified). Following dialysis and lyophilization, the crude reaction was dissolved in aqueous buffer (75 mM HEPES, pH 8.2) and incubated for 3 h at room temperature. Subsequent addition of TCEP converted of any oxidized peptide to the reduced form. A typical yield of pure HD5 red (Figure 2 ) following tag cleavage, reduction and semi-preparative HPLC purification is 1-2 mg/L. This optimized cleavage and purification protocol was employed for obtaining the HD5 double mutants. The final incubation step and TCEP addition were omitted for HD5[Ser hexa ]. Representative analytical HPLC traces of the purified mutant peptides are exhibited in Figure 3 (Ser double mutants) and in Figures S1 and S2 (Ala double mutants and hexa mutant).
Peptide Folding, S-S Connectivity Determination
Small-scale (∼1 mg of peptide) oxidative folding experiments performed at room temperature revealed that the HPLC peak of HD5 red disappears and a new peak of shorter retention time forms at t < 4 h and persists at longer time points. The reaction product was isolated and characterization by MALDI-TOF, which revealed a m/z value corresponding to the oxidized form (Table 1) , and thiol quantification provided a free thiol count of < 1, which further supported complete oxidation of the peptide scaffold.
Incubation of the double mutant peptides under the same folding conditions resulted in formation of multiple new peaks in the analytical HPLC traces (Figures 3 and S1-S5 10, 30 ] red resulted in the formation of three new peaks. In all cases, the product peaks were separated and purified by HPLC, and characterized by MALDI-TOF and thiol quantification assays ( Table 1) . The results from mass spectrometry and thiol quantification established that the each new HPLC peak corresponded to a fully oxidized double mutant with two S-S bonds, confirming that multiple regioisomers form upon oxidative folding of the HD5 double mutants.
Several methods were therefore employed to assign the S-S linkages in each regioisomer. For the HD5[Ser 3, 31 ] and HD5[Ala 3, 31 ], MALDI-TOF analysis of the peptide fragments resulting from trypsin digest was sufficient to unambiguously assign the S-S linkages (Table 1 and Figures S6-S11 ). Sequential digestion with trypsin and chymotrypsin was necessary and sufficient to characterize the oxidized HD5[Ser 10, 30 ] and HD5[Ala 10, 30 ] regioisomers Figures S12-S16). Because trypsin/chymotrypsin double digest could not provide unambiguous S-S determination for the HD5[Ser 5, 20 ] ox regioisomers, we synthesized authentic standards for the (3-31)(10-30) and (3-30)(10-31) regioisomers by using Fmoc solid-phase peptide synthesis and orthogonal Cys protecting groups as detailed in the Supporting Information section (Scheme S1, Figure S17 ). Analytical HPLC analysis employing these synthetic standards provided the S-S connectivity assignments provided in Table 1 Rather, the variations stem from differences in the overall peptide fold resulting from variable S-S linkages.
Circular Dichroism Spectroscopy
Circular dichroism spectroscopy was therefore employed to investigate the ramifications of disulfide deletion and regioisomerization on peptide secondary structure (Figures 4 and S19-S20). In aqueous buffer (10 mM sodium phosphate buffer, pH 7.0), the CD spectrum of HD5 ox exhibits a negative band at 198 nm and a positive band at 230 nm. Upon addition of 10 mM SDS, a membrane mimic, the negative band shifts slightly to 202 nm and the θ value at 190 nm becomes positive. These changes indicate that the secondary structure of HD5 ox undergoes some reorganization in the presence of SDS. The changes in CD signature upon addition of SDS to the mutant peptides are, in general, more pronounced. The spectra all exhibit a negative band of varying intensity at ca. 200 nm that undergoes a slight red-shift following SDS addition. In aqueous buffer, the CD spectra of the mutants indicate a lack of overall secondary structure and the changes observed following addition of SDS suggest an increase in β-sheet character. In total, these data confirm that the loss of a native S-S bond increases the conformational flexibility of the peptide. As a result, the secondary structure largely exists as a random coil-like conformation in aqueous solution and the peptides can adopt increased β-sheet character in the presence of the membrane mimic SDS.
Antibacterial Activity Assays
Defensins are often described as non-specific membrane-penetrating peptides. To ascertain the effect of S-S deletion on antibacterial activity, E. coli ATCC 25922 and S. aureus ATCC 25923 were chosen as representative Gram-negative and −positive bacterial strains, respectively, the cell membranes of which have different compositions. The results from colony counting assays conducted by using HD5 ox and the Ser mutant family ( Figure 5 ) reveal that HD5 ox exhibits low micromolar activity against both E. coli and S. aureus, in good agreement with literature reports, 48, 51 and that the antimicrobial behavior of the mutant peptides exhibit clear strain dependence. Deletion of any disulfide bond abrogates the antibacterial activity of HD5 ox against S. aureus whereas low micromolar activity against E. coli is observed for most Ser mutants in the colony counting assay, including HD5[Ser hexa ] ( Figure 5 ). Attenuation of activity against E. coli is observed only for the HD5[Ser 5, 20 ] (3-30)(10-31) regioisomer.
A high-throughput liquid culture assay for quantifying defensin antibacterial activity by turbidity measurements has been described in the literature. 51 In this work, a modified version of this turbidity assay was also performed (Figures S21-S28 ). Like the CFU assays, the turbidity assays indicate that HD5 ox is bactericidal against E. coli ATCC 25922 in the low micromolar range (2 μM CFU assay vs. 4 μM turbidity assay). In contrast, bactericidal behavior was not observed in the turbidity assay for the mutant peptides in the concentration ranges evaluated. The variability in liquid culture vs. plate assay suggests that the colony counting may overestimate or the turbidity assay may underestimate the activity of the mutant peptides to some degree. For turbidity assays employing S. aureus ATCC 25923, no activity is observed for the Ser and Ala mutant peptides, as expected. Higher concentrations of HD5 ox are required for killing of S. aureus in the turbidity assay, and this trend is in agreement with data reported previously. 51
Inner-Membrane Permeabilization Assays
Membrane permeabilization assays were conducted by using E. coli ML35 to ascertain the ability of HD5 ox and the mutants to permeate the inner membrane of this bacterial strain. E. coli ML35 is lactose permease deficient and contains a cytoplasmic β-galactosidase, which accepts the lactose mimic ONPG as a substrate. ONPG is unable to cross the intact E. coli ML35 cell membrane, but can enter the periplasm and cytoplasm if the outer and inner cell membranes are damaged. β-Galactosidase-catalyzed hydrolysis of ONPG results in formation of galactose and ONP, the latter of which has an optical absorption band centered at 420 nm and provides a colorimetric readout of membrane damage. Figure 6 exhibits the result of membrane permeabilization assays where E. coli ML35 was treated with 2 μM of each peptide. A rapid increased in optical absorption at 405 nm was observed following treatment with 2 μM HD5 ox , indicating relatively efficient membrane disruption. In contrast, incubation of E. coli ML35 with 2 μM of mutant peptides resulted in little to no membrane disruption. This observation is in agreement with the antimicrobial activity assay results, where slightly elevated concentrations of the double mutant peptides were required for bacterial cell death relative to HD5 ox . A series of concentration-dependent studies were therefore undertaken to ascertain the effect of increasing the mutant peptide concentration on E. coli ML35 membrane damage (Figures S29-S35) . In most instances, increasing the peptide concentration causes an enhancement in ONP formation, which suggests that the native disulfide array and peptide topology of HD5 ox are not essential for membrane disruption. Nevertheless, the native peptide confers the most rapid formation of ONP, which indicates that it is most efficient at causing inner membrane damage. It is possible that the mechanism of membrane disruption for HD5 ox and the mutant peptides vary. The attenuation of activity observed for HD5[Ser 5, 20 ] (3-30)(10-31) against E. coli ATCC 25922 is manifest in the E. coli ML35 assays because no ONP formation is observed for this isomer.
Protease Degradation Assays
It is accepted that the defensin disulfide array confers protease resistance, 11 and HD5 ox is a very poor substrate for trypsin. 40 In contrast, treatment of HD5 red with proteases such as trypsin results in rapid proteolytic cleavage (data not shown). To ascertain the consequence of deletion of a single S-S bond to proteolytic stability, enzymatic activity assays were conducted by using trypsin and HD5[Ala 
Discussion
Defensins are cysteine-rich host defense peptides and, as a family, are celebrated for their broad-range antimicrobial activities and other physiological roles. Despite similar topologies resulting from regiospecific disulfide bond formation, the amino acid sequences and compositions of individual defensin peptides differ substantially. As a result, it is important to evaluate defensins from the perspectives of structure and physiological function on a case-by-case basis. A number of structural/activity relationship studies on human, murine and invertebrate defensins that addressed the necessity of the disulfide array illustrate this point. Shuffling of the native disulfide array of HBD-3 or removal of all Cys residues by substitution with α-aminobutyric acid had no effect on the antibacterial activity of HBD-3 against E. coli ATCC 25922, but influenced the chemotactic activity of this peptide. 43 Later work indicated that the activity of linear HBD-3 analogs varies with choice of mutation. 52 In a similar study of HNP-1 mutants, variants with only one or two disulfide bonds were slightly more active than the wild-type peptide against E. coli, S. aureus and P. aeruginosa, and disulfide shuffling did not compromise antibacterial activity against the tested strains. 44 Deletion of the Cys residues all together resulted in a ca. 8-to 14-fold decrease in activity against these three strains. 44 Linear bovine β-defensin 2 analogs exhibited similar activity to the wild-type peptide. 53 A thorough study of the disulfide array of murine cryptdin-4 revealed that mutations of S-S bonding pairs of Cys residues to Ala resulted in no loss of function and increased protease susceptibility. 11 Although first hypothesized that the interactions between cryptdin-4 analogs and the bacterial membrane are independent of the disulfide arrays, 11 further investigations suggested that the mechanisms of membrane damage for wild-type versus the disulfide null mutant peptides vary. 50 Similar conclusions have been drawn by others in studies of designer defensin peptides. 54 Lastly, the disulfide arrays exhibited by other types of cysteine-rich antimicrobial peptides, including protegrin-1 55 and gomesin, 56 have also been subject to mutagenesis and evaluation. For instance, linear analogs of gomesin, an antimicrobial peptide produced by the spider, afforded 8-to 64-lower antibacterial activity compared to the wild-type strain. 56 Recently, reduction of the disulfide bonds in select defensin peptides by addition of a reducing agent such at DTT has been employed to explore the consequences of disulfide bond deletion. Antibacterial activities conducted with reduced cryptdin-4 57 and HBD-1 58 in the presence of DTT revealed that the reduced peptides exhibit potent activity against the anaerobic Gram-positive commensal bacterial strains Bifidobacterium and Lactobacillus. This behavior is not observed for the oxidized forms. These studies bring into question the physiological distribution of defensins as reduced and oxidized peptides, in addition to the physiological significance of the reduced peptides and the disulfide array.
In this work, we present a systematic investigation of HD5 mutant peptides where either one native or all three native disulfide bonds are deleted by replacing pairs of Cys with pairs of Ser or Ala residues. HPLC analysis and characterization of the products of oxidative folding assays by enzymatic digest and mass spectrometry, or by the use of authentic standards prepared by chemical synthesis, allowed for unambiguous regioisomer assignments for all oxidized peptides in this study (Table 1) . CD spectroscopy validated that, in all instances, loss of a single S-S bond results in a loss of secondary structure relative to HD5 ox ( Figure  4 ). This behavior is reminiscent of that observed for other antimicrobial Cys-rich peptides upon S-S deletion including HNP-1(44) and HBD-1[Ser 35 ], 59 and confirms that the native disulfide array is essential for maintaining the native peptide fold. In agreement with expectations and with studies of cryptdin-4 disulfide mutants, 11 removal of a single S-S bond confers marked susceptibility to proteolytic cleavage by trypsin ( Figure 7 ). Trypsin is a serine protease that preferentially cuts after cationic residues including Arg and Lys and it is the processing enzyme for the HD5 propeptide. 60 The results from antibacterial activity assays conducted by using the Cys^Ser mutant peptides reveal very different trends for Gram-negative E. coli and Gram-positive S. aureus. Only wild-type HD5 ox exhibited low micromolar antibacterial activity against S. aureus in colony counting assays; loss of a single disulfide bond resulted in attenuation of activity against this strain. Most mutants, in contrast, displayed activity against E. coli. The attenuation of activity against E. coli for HD5[Ser 5, 20 ] (3-30)(10-31) is striking and the origins of this behavior are currently unclear. The behavior of HD5[Ser hexa ] is in agreement with that of an α-aminobutyric acid-substituted HD5 analog reported by others. 42 The loss of activity against S. aureus is therefore not the results of the choice of Cys substitution.
Cryptdin-4 variants lacking one S-S bond remained active against S. aureus, 11 in contrast to our observations with the HD5 mutant family. We hypothesize that this difference stems from the variations in overall positive charge exhibited by these peptides. Cryptdin-4 contains nine Arg residues and, at neutral pH, has an overall charge of +8 whereas HD5 has six Arg residues and an overall charge of ca. +4. Cryptdin-4 variants may therefore have an enhanced ability to interact with bacterial cell membranes via electrostatic interactions and thereby retain activity with S-S loss. 50 Precisely how HD5 ox kills various Gram-negative and -positive bacterial strains is not yet clear. Elucidating the detailed mechanism of action will require further investigations of structure and putative physiological targets. Along these lines, it is important to determine if the attenuation of antibacterial activity observed for S. aureus upon S-S deletion is specific for this strain or occurs with other Gram-positive bacteria, including strains that inhabit the gut. Ascertaining the origins of the disulfide-dependent attenuation of activity against S. aureus, which may result from proteolytic degradation, a failure to assemble into a necessary oligomeric state, or the inability to interact with a specific cellular target, will also provide insight into how HD5 ox exerts its antibacterial function. Efforts to address such possibilities are in progress.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Representative analytical HPLC traces (220 nm absorption) of His 6 HD5, purified HD5 red and purified HD5 ox (variable sample concentrations). TCEP was added to Ni-NTA purified His 6 -HD5 to provide the fully reduced sample His 6 -HD5 red (75 mM HEPES buffer, pH 7.4). 
